Abstract: Five ketenes, phenyl(ethyl)ketene, phenyl(methylthio)ketene, diphenylketene, pentafluorophenylketene, and 1-naphthylketene, were generated flash photolytically and solvent isotope effects (H 2 O vs. D 2 O) on their hydroxide-ioncatalyzed hydration in aqueous solution were determined. The values obtained are all weakly inverse and closely similar (k HO /k DO = 0.76-0.97), as expected for these fast, hydroxide-ion-consuming reactions, known to proceed by nucleophilic attack of hydroxide on the ketene carbonyl group. The characteristic magnitude of these isotope effects should prove useful in identifying new examples of this reaction.
Introduction
Solvent isotope effects on the hydration of ketenes to form carboxylic acids, eq. [1], catalyzed by the hydronium ion, as well as on the uncatalyzed reaction, have proved to be useful in elucidating the mechanisms of these processes, and they have also served to help identify new examples (1). The same is not true of the hydroxide-ion-catalyzed reaction: we are aware of only one published determination of this isotope effect made prior to the present work, and that was done using a rather special substrate containing a second functional group that perturbed the isotope effect and gave it an atypical value (vide infra) (2) .
In the present paper we provide five unperturbed examples of this isotope effect, determined using the monofunctional ketene substrates phenyl(ethyl)ketene, 1, phenyl(methylthio)-ketene, 2, diphenylketene, 3, pentafluorophenylketene, 4, and 1-naphthylketene, 5.
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fluorobenzoyldiazomethane, 9, and 1-naphthoyldiazomethane,
10.
Because the reactions studied were fast, flash photolytic techniques were used to carry out rate measurements.
Experimental section
Materials α-Diazobutyrophenone, 6, was prepared by diazo group transfer from p-toluenesulfonyl azide to butyrophenone after the latter had been activated through introduction of an α-formyl group (3). Formylation was effected using ethyl formate as the formyl source and sodium hydride as the basic catalyst. The diazo compound, a yellow oil, was purified by column chromatography on silica gel using 80% chloroform -20% hexane as the eluent. (5), and azibenzil was prepared by mercuric oxide oxidation of benzil monohydrazone (6); 1-naphthoyldiazomethane was a sample that had been prepared before (7) . All other materials were best available commercial grades.
Kinetics
Flash photolytic generation of ketenes was performed using a conventional flash lamp system (8) and an excimer laser system (1b), operating at λ = 248 nm; these have already been described. With both systems, reaction mixtures were thermostatted at 25.0 ± 0.05°C. The ketene hydration reactions were followed by monitoring the decay of ketene absorbance at 250-270 nm for the phenyl-substituted substrates and at λ = 320-330 nm for the naphthyl derivative. All decays conformed well to the first-order rate law, and observed first-order rate constants were calculated by nonlinear least-squares fitting of exponential functions.
Results
Rates of hydration of the ketenes examined here were measured in dilute solutions of sodium hydroxide using H 2 O and D 2 O as the solvent. In all cases, a range of sodium hydroxide concentrations, usually spanning a variation of at least an order of magnitude, was employed. The ionic strength of these solutions was maintained at 0.10 M by adding sodium perchlorate as required. The data so obtained Table S1 . 2 As Fig. 1 illustrates, the observed first-order rate constants determined in this way are accurately proportional to sodium hydroxide concentration. Sodium hydroxide catalytic coefficients were therefore evaluated by linear least-squares analysis with proportional weighting, and solvent isotope effects were calculated as ratios of these catalytic coefficients. The results are listed in Table 1 
Discussion
Each of the ketenes examined here reacts more rapidly in D 2 O than in H 2 O solutions of sodium hydroxide, and each consequently gives an inverse (k H /k D < 1) isotope effect. This is the expected direction for solvent isotope effects on hydroxide-ion-consuming reactions such as these. That follows from a model proposed by Gold and Grist (10) , in which the hydroxide ion in aqueous solution is strongly solvated by three water molecules whose solvating O-H bonds are looser than the O-H bonds of bulk water. When such a hydroxide ion is consumed by reaction with a substrate, the solvating water molecules are transformed into bulk solvent, and they consequently move from a more loosely bound state to a more tightly bound state, thus producing an inverse isotope effect. This phenomenon has now been extensively documented (11).
The maximum magnitude of the solvent isotope effect on consumption of a hydroxide ion has been estimated as k HO /k DO = 0.43 (11a). The isotope effects observed here are much weaker than that, but they are on a rate process in whose transition state the hydroxide ion will be only partially consumed. The rates of the present reactions, moreover, are fast, and their transition states will consequently be especially reactant-like (12) .
Another feature contributing to the weakness of the present isotope effects is the nucleophilic nature of the hydroxide ion plus ketene reaction (13) : this generates negative charge on the ketene carbonyl oxygen atom, giving that atom alkoxide ion character, eq. [3] . Solvation of this charge, in much the same way as the hydroxide ion is solvated, then provides a normal component (k H /k D > 1) to the solvent isotope effect, which offsets the inverse factor given by hydroxide ion desolvation.
The present inverse isotope effects are quite different from the value, k HO /k DO = 1.87, reported for the only previous example of a solvent isotope effect on a ketene plus hydroxide ion reaction (2) . The substrate in that case was acetylketene, 11, and it was argued then that the acetyl group assisted hydroxide ion attack, as evidenced by its strong rate acceleration, by allowing strong hydrogen bond formation between the hydroxyl group and the acetyl oxygen atom in the transition state of this reaction, 12, eq. [4] : strong hydrogen bond formation is known to produce sizeable isotope effects in the normal direction (14) . The inverse nature of the presently determined isotope effects reinforces this explanation.
It would seem fair to conclude, therefore, that solvent isotope effects on the reaction of hydroxide ion with simple, monofunctional, short-lived ketenes will be weakly inverse. This characteristic magnitude should be useful in identifying this reaction. 
